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Predicting how individual species will respond to increased environ-
mental temperatures is key to understanding the wider ecological 
consequences of global change. Temperature influences the phys-
iological and behavioral responses of individuals (Sunday, Bates, & 
Dulvy, 2011), and as environmental temperatures move further from 
a species' optimal temperature, the ability of the individual to grow 
and reproduce is reduced (Pörtner & Farrell, 2008). This has direct 
consequences for the abundance and distributions of species in all 
environments (Day, Smith, Edgar, & Bates, 2018; Sunday et al., 2011; 
Waldock, Smith, Edgar, Bird, & Bates, 2019), and in marine systems, 
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Predicting how species will respond to increased environmental temperatures is key 
to understanding the ecological consequences of global change. The physiological 
tolerances of a species define its thermal limits, while its thermal affinity is a sum-
mary of the environmental temperatures at the localities at which it actually occurs. 
Experimentally derived thermal limits are known to be related to observed latitudinal 
ranges in marine species, but accurate range maps from which to derive latitudinal 
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widely available data on global occurrences with gridded global temperature datasets 
to derive measures of species-level thermal affinitythat is, measures of the central 
tendency, variation, and upper and lower bounds of the environmental temperatures 
at the locations at which a species has been recorded to occur. Here, we test the 
extent to which such occupancy-derived measures of thermal affinity are related to 
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positively related to the physiological tolerances of marine species, despite gaps and 
biases in the source data. Our method allows thermal affinity measures to be rapidly 
and repeatably estimated for many thousands more marine species, substantially ex-
panding the potential to assess vulnerability of marine communities to warming seas.
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distributional shifts have tracked local changes in climate (Pinsky, 
Selden, & Kitchel, 2020; Pinsky, Worm, Fogarty, Sarmiento, & 
;bmķƑƏƐƒőĺ	o1l;m|bm]|_;|_;ul-Ѵ|oѴ;u-m1;vo=-b7;u-m];o=
species is thus an important step toward forecasting future distribu-
tional shifts (Sunday, Bates, & Dulvy, 2012) and community changes.
Experimental derivations of thermal tolerance limits have long 
been the gold standard for understanding the thermal biology of 
species and include methods based on both lethal and critical lim-
its. For instance, estimating lethal temperatures (typically the tem-
perature lethal to 50% of a population) has a long history of use 
bmv|7b;vo=-b7;u-m];o=|--Ő;ĺ]ĺķ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Hutchison, 2011). However, because this technique is logistically 
difficult and can be ethically problematic (Eme & Bennett, 2009), 
the critical thermal methodology was developed and adopted as the 
preferred method for experimental derivations of thermal tolerance 
Ő||;uv1_lb7|ş|1_bvomķƑƏƐƐőĺub|b1-Ѵ|_;ul-Ѵ|;v|vķbm1Ѵ7bm]
both critical thermal minimum (CTmin) and critical thermal maximum 
(CTmax), are preferred because they use relatively fewer individuals 
and provide a rapid, nonlethal assessment by measuring the loss of 
key ecological functions rather than mortality. For example, critical 
temperatures can be marked by the thermal point at which locomo-
tion is lost or by the onset of muscular spasms (Beitinger, Bennett, & 
1-Ѵ;ķƑƏƏƏĸ||;uv1_lb7|ş|1_bvomķƑƏƐƐőĺo;;uķv;
of these physiological thermal traits to assess climatic vulnerability 
is limited (Pacifici et al., 2015), because experimental derivations of 
thermal tolerances remain hard to obtain, and those studies that do 
exist are not standardized with respect to heating rate and tempera-
|u;-11Ѵbl-|b-|bomruo|o1oѴvŐol|;şѴ7;mķƑƏƐƕĸ||;uv1_lb7|
& Hutchison, 2011). Nonetheless, their importance is reflected in 
recent efforts to compile global databases of experimentally derived 
thermal limits for marine and freshwater fish (Comte & Olden, 2017) 
and for a wide range of species across all environments (Bennett 
et al., 2018a,b).While experimentally derived thermal tolerances 
have remained difficult to obtain, the literature on realized ther-
mal niches of species has expanded. The thermal tolerance limits 
derived experimentally represent the fundamental thermal niche 
of the speciesthe temperature range at which the species could 
survive, in the absence of predation, competition, or habitat hetero-
geneity. The realized thermal niche of a species represents the en-
vironmental temperatures at which individuals are actually observed 
|oo11uŐ-]mvomķuo7;uķş;7b1hķƐƖƕƖőĺml-ubm;vr;1b;v
especially, there is a good correspondence between these two mea-
sures, with latitude and experienced temperature extremes proving 
a good predictor of thermal limits (Sunday et al., 2011, 2019). This 
has led to a decade of work using various estimates of thermal lim-
its and environmental temperature to predict how climate change 
will drive changes in marine species and communities (see Pinsky 
et al., 2020 for recent review). Indices based on the environmental 
temperatures at which species occur have also been developed. For 
instance, the Species Temperature Index of a species, calculated as 
the mid-point of the realized thermal niche (Devictor et al., 2012), 
has been shown to relate to the environmental temperature at which 
the maximum local abundance of a species is attained (Stuart-Smith, 
Edgar, Barrett, Kininmonth, & Bates, 2015). This has been extended 
to whole communities using the Community Temperature Index, 
the abundance-weighted average Species Thermal Index of all spe-
cies recorded within a community, to identify areas of vulnerability 
where environmental temperatures diverge from the typical thermal 
affinities of species occurring there (e.g., Day et al., 2018; Stuart-
Smith et al., 2015).
These metrics derived from species' realized thermal niches can 
predict both species- and community-level change in marine com-
munities (Day et al., 2018), which is encouraging because they can be 
derived from data that are much more widely available than experi-
mental data on thermal limits. Data on where marine species occur 
-u;--bѴ-0Ѵ;bmѴ-u];t-m|b|b;v=uoll-mvou1;vŐ7]-u;|-ѴĺƑƏƐѵőķ
with the Ocean Biogeographic Information System (OBIS, 2018) 
ruob7bm] -m or;m -11;vv ]Ѵo0-Ѵ u;rovb|ou o= ƻƔƖ o11uu;m1;
records of >120,000 marine species. Each of these occurrence re-
cords is located in space (latitude, longitude) and time (month, year), 
with many of them also including information on sampling depth. 
However, few occurrence records have in situ measures of environ-
mental temperature associated with them, meaning that alternative 
sources of sea temperature need to be used to match the occur-
u;m1;|o;mbuoml;m|-Ѵ|;lr;u-|u;rov|_o1ĺ|ru;v;m|ķ|_;u; bv
no standard protocol for doing this. In addition, global occurrence 
datasets such as OBIS are known to contain significant and system-
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despite recent efforts to automate quality control (e.g., Vandepitte 
et al., 2015). In particular, data are biased toward well-known spe-
1b;vbm1;u|-bm]uorvŐ;ĺ]ĺķ1_ou7-|;vĸbѴovѴ-b1_;|-ѴĺķƑƏƐѵőķb|_
most species represented by very few occurrence records. Data are 
also primarily available from shallow, coastal seas in regions such as 
|_;ou|_|Ѵ-m|b1Ő7]-u;|-ѴĺķƑƏƐѵőķb|_l-fou]-rvbmblrou|-m|
ecosystems like the deep pelagic ocean (Webb, Vanden Berghe, & 
O'Dor, 2010). Given these biases and potential sources of error at 
every step of the process of generating species-level thermal affin-
ities, it remains uncertain whether matching raw OBIS occurrence 
records to globally aggregated sea temperature records will actually 
reflect the physiological temperature limits of marine species to any 
degree.
Here, we use two major compilations of experimentally de-
rived critical maximum temperatures (Bennett et al., 2018a,b; 
Comte & Olden, 2017) to extract upper thermal limits (based on 
-ubov l;-vu;vő =ou Ɣƒƒ l-ubm; vr;1b;vĺ ); ru;v;m| - ouh-
flow to efficiently and repeatably estimate the realized thermal 
niche of these species by matching global occurrences extracted 
from OBIS to two complementary global sea temperature data-
bases. Specifically, we use a high-resolution global climatology 
o= v;- vu=-1; -m7 v;- 0o||ol |;lr;u-|u; Ővvbv ;| -Ѵĺķ ƑƏƐѶĸ
Tyberghein et al., 2012), allowing matching of occurrence records 
by latitude and longitude, and a depth-resolved monthly sea tem-
perature dataset allowing matching by latitude, longitude, sample 
7;r|_ķ-m7v-lrѴ;7-|;Ő_;m];|-ѴĺķƑƏƐƕĸ_;m]ş,_ķƑƏƐѵőĺ
We calculate a range of measures of thermal affinity, including 
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measures of both central tendency and upper bounds of the tem-
peratures of a species' occurrence records. We divide species 
into broad functional groups, allowing us to select the most ap-
propriate sea temperature measure (e.g., surface versus bottom 
temperature) to use to calculate thermal affinity. This allows us 
to determine the extent to which these observational, occupan-
cy-derived thermal affinities, which can be rapidly and automati-
cally generated using openly available data, reflect experimentally 
derived thermal limits. We then use these to test whether the en-
vironmental temperature at which a species lives influences how 
close it is to its thermal limit, and specifically whether our data 
are able to detect the trend observed in more targeted studies for 
smaller thermal safety margins in warm-water species (e.g., Pinsky, 
bh;v;|ķ 1-Ѵ;ķ -m;ķ ş "m7-ķ ƑƏƐƖĸ "m7- ;| -Ѵĺķ ƑƏƐƐĸ
Waldock et al., 2019). Furthermore, by developing this workflow 
using open data within the open source environment R (R Core 
$;-lķƑƏƐѶőbm!"|7boŐ!"|7bo$;-lķƑƏƐѵőķ;l-h;];m;u-|bm]
robust estimates of the thermal affinities of very large numbers of 
marine species generally available to the community.
ƑՊ |Պ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We obtained experimentally derived thermal thresholds from two 
complementary published databases. First, we used Comte and 
Olden (2017)'s compilation of thermal limit data for ray-finned fish 
(hereafter Comte-Olden). This dataset includes thermal limits for 
adult fish derived from both CTmax -m7 $50 studies meeting cer-
tain quality-control criteria (e.g., including acclimation or collection 
temperatures; see Comte and Olden (2017) for full details). We used 
only the direct experimental measures of critical thermal maxima 
presented by Comte and Olden (2017) to avoid any circularity inher-
ent in using their imputed data, which incorporated environmental 
temperatures, to test our methods. We extracted data for the 158 
marine species from 17 Orders present in the Comte-Olden dataset. 
ѴѴ vr;1b;v m-l;v ;u; l-|1_;7 |o |_; )ouѴ7 !;]bv|;u o= -ubm;
"r;1b;vŐ)o!"ķ)o!"7b|oub-Ѵo-u7ķƑƏƐѶőv|-m7-u7vbm]|_;
worrms package (Chamberlain, 2018) in R (R Core Team, 2018) al-
Ѵobm]v|o-vvb]m--Ѵb7)o!"r_b-	|o;-1_m-l;ĺ);|ooh
the mean thermal limit for any species with >1 estimate. To give 
more weight to more precise estimates, we weighted this mean by 
the inverse of the standard deviation of each estimate (if provided). 
We used FishBase data (Froese & Pauly, 2018) accessed through 
the rfishbaser-1h-]; Őo;||b];uķ-m]ķş)-bmub]_|ķƑƏƐƑő |o
classify species in the Comte-Olden dataset as benthopelagic, de-
mersal, bathydemersal, reef-associated, pelagic-neritic, or pelagic-
oceanic. Because of small numbers of species in some categories, we 
combined bathydemersal (nƷƒő-m77;l;uv-ѴŐnƷѵƏőbm|o-vbm]Ѵ;
demersal category, and pelagic-neritic (n = 10) and pelagic-oceanic 
(n = 2) into a single pelagic category. These habitat classifications 
were used to determine which measure of sea temperature (surface 
or bottom) was most appropriate for deriving the environmental 
thermal affinity of each species (see below).
Our second source of marine species thermal limits was the 
GlobTherm database (Bennett et al., 2018a,b), which includes thermal 
tolerance metrics for adults of over 2,000 species across all habitats 
-m7l-fou7ol-bmvo=lѴ|b1;ѴѴѴ-uѴb=;ĺov|vr;1b;vbmѴo0$_;ul
have only a single upper thermal limit value (primarily CTmax, al-
though a range of measures are included), which we term Tmax. The 
;1;r|bomv-u;vol;-Ѵ]-;_;u;0o|_$0-m7$100 (i.e., the tem-
perature at which 0% and 100% of individuals are dead) are given. 
ou|_;v;vr;1b;vķ;v;Ѵ;1|;7$100 as our value of Tmax. To identify 
marine species from the GlobTherm data, we matched all names to 
)o!"vbm]worrms (Chamberlain, 2018) and retained those for 
_b1_;1oѴ7=bm7-)o!"r_b-	Ѵbmh;7|o--Ѵb7l-ubm;vr;-
cies. We further filtered the dataset to those species known to have 
occurrence records in the Ocean Biogeographic Information System 
(OBIS, 2018), using the checklist function in the robis package 
Őuooov|şov1_ķƑƏƐƖőĺ$_bvu;vѴ|;7bm-7-|-v;|o=ƓƑƐl-ubm;
vr;1b;v =uol ƒ bm]7olvķ ƐƐ _Ѵ-ķ -m7 ƑƓ Ѵ-vv;vĺ "r;1b;v =uol
the GlobTherm dataset were assigned to functional groups using 
)o!"-||ub0|;v7-|-Ő)o!"7b|oub-Ѵo-u7ķƑƏƐѶő-11;vv;7b-
the worrms package (Chamberlain, 2018) supplemented with tax-
omolb1 bm=oul-|bom -m7 -77b|bom-Ѵ bm=oul-|bom =uol ";-b=;-v;
(Palomares & Pauly, 2018) accessed through the rfishbase pack-
age (Boettiger et al., 2012). The functional groups were benthos, 
birds, fish, macroalgae, and mammals, which allowed us to decide 
on appropriate sea temperature measures (surface or bottom tem-
perature) for each group of species. In addition, we wanted to allow 
for different relationships between thermal limits and sea tempera-
ture-based thermal affinities for different kinds of species (e.g., en-
dotherms, species breeding on land). Fish were further categorized 
by habitat affinity as described for the Comte-Olden data. We do 
not further distinguish between species in either data source, be-
cause automation of finer distinctions based, for example, on habitat 
is not currently possible using the sources we rely on.
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We developed a workflow to obtain global occurrence records for 
each species in the experimental data list, to match these occur-
rences to global sea temperature datasets, and to derive summary 
statistics describing the realized thermal affinity (i.e., the tempera-
tures of all the recorded global occurrences of a species). This work-
flow was implemented in R ƒĺƔĺƐ Ő! ou; $;-lķ ƑƏƐѶő vbm] |_;
tidyverse v1.2.1 suite of packages (Wickham, 2017).
ƑĺƑĺƐՊ|ՊѴo0-Ѵo11uu;m1;u;1ou7v
We used the robis package v2.1.10 (Provoost & Bosch, 2019) to 
extract all global occurrence records from the Ocean Biogeographic 
Information System (OBIS, 2018) for all species in our dataset. 
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First, we used the checklist() function to identify those spe-
cies with records in OBIS. 157 of the 158 Comte-Olden species and 
ƓƑƐѴo0$_;ulvr;1b;v_-7-| Ѵ;-v|om; u;1ou7 bm"ĺou;-1_
of these in turn, we then used the occurrence() function to ex-
tract the latitude, longitude, depth, and date of all available records. 
Depth (in m) is typically recorded in OBIS as a positive value (i.e., 
0 = sea surface, 100 = 100 m deep) but is not available for all records 
-m7bvu;1ou7;7-vm;]-|b;Őbĺ;ĺķƏƷv;-vu=-1;ķƴƐƏƏƷƐƏƏl7;;rő
by some sources. Because negative values can also indicate inter-
tidal records or, in some data sources, missing values, we replaced 
all negative and missing depth values were with 0, effectively as-
suming that the species was sampled at the sea surface. Because 
our temperature matching process records both sea surface and sea 
bottom temperature, however, we are able to use the most appropri-
ate of these measures depending on species habitats or functional 
groups (see below). Dates were parsed into month and year values; 
missing dates were not replaced. Each occurrence of an individual 
species was then matched to the temperature datasets described 
0;Ѵo0Ѵ-|b|7;-m7Ѵom]b|7;ŐboŊ!őou0Ѵ-|b|7;ķѴom]b-
|7;ķ7;r|_ķ-m77-|;Őlom|_Ŋ;-uĸ]ub77;7őĺ
ƑĺƑĺƑՊ|ՊѴo0-Ѵ|;lr;u-|u;7-|-v;|v
We used two complementary global sea temperature datasets. 
First, we used the sdmpredictors package v0.2.8 (Bosch, 2018) 
|o-11;vv|_;boŊ!7-|-0-v;Ővvbv;|-ѴĺķƑƏƐѶĸ$0;u]_;bm
;| -Ѵĺķ ƑƏƐƑő -v u-v|;u Ѵ-;uv bm !ĺ ); v;7 |o boŊ! Ѵ--
;uvķ l;-m v;- vu=-1; |;lr;u-|u; Ő""$ķ »ķ l;-m =uol lom|_Ѵ
climatologies 20022009) and mean sea bottom temperature (SBT, 
»ķ l;-m =uol lom|_Ѵ 1Ѵbl-|oѴo]b;v ƑƏƏƑŋƑƏƐƓ -| l;-m 0o||ol
depth). Both layers cover the global oceans at 5 arcmin resolution. 
;u;-=|;uķ;u;=;u |o |_;v;7-|-v;|v-v |_;boŊ!|;lr;u-
-|u;7-|-ĺ";1om7ķ;v;7 |_; mv|b||;o=|lovr_;ub1_vb1vŝ
Őő ]Ѵo0-Ѵ ]ub77;7 |;lr;u-|u; 7-|-v;| Őv;; _;m] ;| -Ѵĺķ ƑƏƐƕĸ
_;m]ş,_ķƑƏƐѵő_b1_ruob7;vlom|_Ѵl;-m|;lr;u-|u;-|
7;r|_=uol|_;vu=-1;|oƑķƏƏƏlvbm1;ƐƖƓƏ-|Ɛ7;]u;;u;voѴ-
tion. The depth resolution uses the standard depth bands of the 
)ouѴ71;-m|Ѵ-vŐo;u;|-ѴĺķƑƏƐƒő|oƑķƏƏƏlķb|_ƐƏl0-m7v
to 50 m, 25 m bands from 50 to 200 m, 50 m bands from 200 to 
ƒƏƏlķƐƏƏl0-m7v=uolƒƏƏ|oƐķƔƏƏlķ-m7ƑƔƏl0-m7v=uol
1,500 to 2,000 m. Data are provided as monthly NetCDF files which 
we accessed via ftp using the ncdf4r-1h-];ƐĺƐѵŐb;u1;ķƑƏƐƕőĺ
);u;=;u|o|_bvv;1om7|;lr;u-|u;7-|-v;|-vŊ]ub77;7ĺ
ƑĺƑĺƒՊ|Պ$-hbm]|_;|;lr;u-|u;o=
o11uu;m1;u;1ou7v
11uu;m1; u;1ou7v ;u; l-|1_;7 |o |_; boŊ! -m7 Ŋ
gridded temperature datasets using a set of functions that we 
developed, which are fully documented in the data archive avail-
able via GitHub (https://github.com/tomjw ebb/occur rence -deriv 
ed-therm al-affinity) and in Figshare via the University of Sheffield's 
mѴbm; !;v;-u1_ 	-|- u;rovb|ou Ő_||rvĹņņ7obĺou]ņƐƏĺƐƔƐƒƐņv_;=ĺ
7-|-ĺƐƑƑƓƖѵѶѵőĺ$_;v;bm|umv;|_;r-1h-];vsp v1.2.5, rgdal 
v1.2.11, and raster v2.9.5 (Bivand, Keitt, & Rowlingson, 2018; 
Bivand & Pebesma, 2005; Hijmans, 2017; Pebesma & Bivand, 2005). 
ouboŊ!ķ|;lr;u-|u;-Ѵ;v;u;;|u-1|;7=uol|_;""$
and SBT rasters for each occurrence referenced by latitude and 
longitude. We also assigned a best temperature for each record, 
based on the species' habitat or functional group, taking SST for 
birds, mammals, and pelagic and reef-associated fish, and SBT for 
0;m|_ovķl-1uo-Ѵ]-;ķ-m77;l;uv-Ѵ-m70;m|_or;Ѵ-]b1=bv_ĺouŊ
gridded, occurrence records from within the time period covered by 
|_;7-|-v;|ŐƐƖƓƏŋƑƏƐƕő;u;l-|1_;70Ѵ-|b|7;ķѴom]b|7;ķ7-|;
(month-year), and depth. Three temperature values were extracted 
for each occurrence: SST, SBT (actually the temperature at the 
deepest available depth layer, equivalent to SBT in seas <2,000 m, 
temperature at 2,000 m otherwise; hereafter referred to simply as 
SBT), and temperature at sampling depth (i.e., the temperature at 
the depth recorded for the species occurrence). Given the relatively 
1o-uv;vr-|b-Ѵu;voѴ|bomo=|_;7-|-v;|ķvol;o11uu;m1;v;u;
unable to be matched at all (e.g., if most of the 1-degree cell fell on 
land), and some sample depths were deeper than the mean depth 
over the 1-degree cell, meaning that T at depth was sometimes una-
vailable even though SST and SBT were. Occurrences for which we 
could not obtain a temperature match were excluded from calcula-
tions of thermal affinity.
ƑĺƑĺƓՊ|Պ"r;1b;vŊѴ;;Ѵo11r-m1Ŋ
7;ub;7|_;ul-Ѵ-==bmb|
The thermal affinity of a species was calculated on the basis of the 
temperature-matched occurrence records. For each species, we 
calculated the mean, minimum, maximum, median, standard devia-
tion, median absolute deviation, and 5th and 95th quantiles of each 
temperature measure, to capture different regions of the underlying 
thermal performance curve. These summary metrics were typically 
highly positively correlated with each other (see below), and so to 
simplify presentation of results, we focus on mean temperature of 
occurrences as our primary measure of a species' thermal affinity. 
We also recorded for each species the total number of occurrences 
and the number that we were able to match to each temperature 
dataset.
ƑĺƒՊ|Պ"|-|bv|b1-Ѵ-m-Ѵvbv
For each species, we calculated two thermal affinity measures (mean 
and the 95th quantile of observed matched temperatures) derived 
=uolboŊ!Ő""$ķ"$ķ-m7ľ0;v|ĿboŊ!|;lr;u-|u;ő
-m7 =uol  |;lr;u-|u; -| 7;r|_ĺ ); 1-Ѵ1Ѵ-|;7 1ouu;Ѵ-|bomv
between each of these measures across all species. We explored 
=Ѵ;b0Ѵ; vloo|_bm]l;|_o7v Ővő =ou |_; u;Ѵ-|bomv_brv0;|;;m
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experimentally derived thermal maximum and occurrence-derived 
mean thermal affinity, but in all cases, the smoothed fits did not 
indicate relationships markedly more complex than simple linear or 
unimodal curves. For ease of interpretation, especially when includ-
ing interactions between continuous and categorical predictions, we 
therefore modeled experimentally derived thermal maximum as a 
second order polynomial function of occurrence-derived mean ther-
l-Ѵ-==bmb|ķ1-Ѵ1Ѵ-|;7vbm]0o|_ľ0;v|ĿboŊ!|;lr;u-|u;
-m7|;lr;u-|u;-|7;r|_ĺou|_;ol|;ŊѴ7;m7-|-v;|ķ;bm-
cluded fish habitat group as a fixed effect, and for the GlobTherm 
dataset, we included functional group, also as a fixed effect. We 
tested for an interaction of this grouping variable with thermal af-
finity and compared the overall fit of interactive and additive mod-
els as well as models excluding this variable. Finally, we pooled data 
across Comte-Olden and GlobTherm datasets and for each species 
calculated the difference between experimentally derived thermal 
maximum and mean thermal affinity derived from occurrence data 
Ővbm]|;lr;u-|u;-|7;r|_őĺ);lo7;Ѵ;7|_bvu;Ѵ-|bomv_br-v-
second order polynomial function (experimentally derived thermal 
maximum ~ poly(occupancy-derived thermal affinity, 2)), separately 
for the major groups (benthos, macroalgae, pelagic, reef-associated 
and demersal fish) to test whether species occurring at low, high, 
or intermediate temperatures vary in how close they live to their 
thermal limits.
Processed datasets and code for analysis and visualization are 
available via GitHub (https://github.com/tomjw ebb/occur rence 
-deriv ed-therm al-affinity) and are also deposited in Figshare via the 
University of Sheffield's Online Research Data repository, https://
7obĺou]ņƐƏĺƐƔƐƒƐņv_;=ĺ7-|-ĺƐƑƑƓƖѵѶѵĺ
ƒՊ |Պ!"&$"
ѴѴ0|om;o=|_;ƐƔѶ=bv_vr;1b;vbm|_;ol|;ŊѴ7;m;r;ubl;m|-Ѵ
7-|-v;|Őѵƒ7;l;uv-ѴķƐƕ0;m|_or;Ѵ-]b1ķƐƑr;Ѵ-]b1ķѵѵu;;=Ŋ-vvo1b-
-|;7ő -m7 -ѴѴ ƓƑƐ vr;1b;v =uol Ѵo0$_;ul 7-|-v;| ŐѶƔ 0;m|_ovķ Ɩ
0bu7vķѶƑ=bv_ķƑƒƔl-1uo-Ѵ]-;ķƔl-ll-ѴvķƔm;h|omő-u;ru;v;m|bm
"b|_-1ol0bm;7|o|-Ѵo=ƓƖƔķƕƖƔ-m7ƐķѶƑƐķƐѶƒo11uu;m1;
records, respectively, meeting our quality requirements. Forty-five 
species are present in both datasets, taking these into account re-
vѴ|vbm-|o|-Ѵo=ƑķƐƕѵķƖƏѵo11uu;m1;u;1ou7v-1uovvƔƒƒ-Ѵb7l--
ubm;vr;1b;vĺ$_;v; u;1ou7vvr-m |_;;-uvƐѵƓƒŋƑƏƐƕķƏŊƔķѶƕƏl
7;r|_ķѶƐĺƐŦ"|oѶѶĺѶŦķ-m7ƐѶƏŦ)|oƐѶƏŦŌ-Ѵ|_o]_lov|u;-
1ou7v-u;=uol1o-v|-Ѵou|_l;ub1-ķ)uor;ķ"o|_;um=ub1-ķ
-m7v|u-Ѵ-vb-Őb]u;Ɛőĺ$_;;r;ubl;m|-Ѵl-bll|;lr;u-|u;v
u;rou|;7 =ou |_;ƓƓvr;1b;v v_-u;70;|;;m |_; |o7-|-v;|v-u;
highly positively correlated (rƷĺƖѵő0|mo|b7;m|b1-Ѵķ-m7vo;bm-
clude these species in our analyses of both datasets.
1uovv0o|_v;|vo=vr;1b;vķlov|ŐƻƖѵѷőo=o11uu;m1;vu;1ou7v
;u;v11;vv=ѴѴl-|1_;7|o-boŊ!|;lr;u-|u;Ő$-0Ѵ;Ɛőĺ
"ol;_-|=;;u;u;v11;vv=ѴѴl-|1_;7|o|_;Ŋ]ub77;77-|-
ŐѵѶĺƓѷŋѶƒĺƕѷĸ $-0Ѵ; Ɛőķ rubl-ubѴ 7; |o lbvvbm] 7-|; bm=oul-|bom
ŐƖƔķƒƑƏ u;1ou7vő ou ;-uv o| o= |_;  u-m]; ŐƐƕķƔƖѵ u;1ou7vőĺ
However, a temperature affinity based on all temperature measures 
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  Ɛ Պ $_;]Ѵo0-Ѵ7bv|ub0|bomo=|_;ƑķƐƕѵķƖƏѵo11uu;m1;u;1ou7vo0|-bm;7=uol"=ouƔƒƒl-ubm;vr;1b;vb|_;r;ubl;m|-ѴѴ
7;ub;7|_;ul-Ѵl-bl---bѴ-0Ѵ;=uolou|o7-|-vou1;vŐ;mm;||;|-ѴĺķƑƏƐѶ-ķ0ĸol|;şѴ7;mķƑƏƐƕőķl-rr;7om-ƐŦ]ub7
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was available for almost all (>95%) species, regardless of data source 
(Table 1).
Temperature affinity calculated using different summary mea-
sures and different temperature data sources was typically highly 
rovb|b;Ѵ1ouu;Ѵ-|;7ĺ1uovv-ѴѴ|;lr;u-|u;7-|-vou1;vķ|_;1ou-
relations between the mean and 95% quantile temperature affini-
|b;v o= vr;1b;v ;u; -Ѵlov| -Ѵ-v ƻƏĺƖƏĺ ==bmb|b;v 0-v;7 om ""$
=uolboŊ!;uvv ;u;;uvblbѴ-u Őr > .9). Using SBT 
resulted in somewhat weaker correlations between data sources 
and between summary measures within data sources (0.750.80). 
==bmb|b;v1-Ѵ1Ѵ-|;7vbm]|;lr;u-|u;-|7;r|_=uol-m7ľ0;v|Ŀ
boŊ! |;lr;u-|u; Ővbm]"$ =ou0;m|_or;Ѵ-]b1ķ7;l;uv-Ѵķ
and bathydemersal fish and for benthos and macroalgae, and using 
SST for reef-associated, pelagic-neritic, and pelagic-oceanic fish and 
for birds and mammals) were very tightly correlated (r > .95 in all 
cases). We focus here on mean temperature affinities derived from 
|_;ľ0;v|ĿboŊ!vou1;Ő""$ou"$7;r;m7bm]om]uor-v
7;v1ub0;7 -0o;ő -m7 |;lr;u-|u; -| v-lrѴ; 7;r|_ =uol |_; 
gridded dataset, but given the strong correlations between tem-
perature metrics our conclusions are not substantially affected by 
|_bv1_ob1;ĺ;u;-=|;uķ;u;=;u|o|_;ľ0;v|ĿboŊ!vou1;v
vblrѴ-vboŊ!ķ-m7|;lr;u-|u;-|v-lrѴ;7;r|_-v
gridded.
"r;1b;vŊѴ;;Ѵ|_;ul-Ѵ-==bmb|b;v7;ub;7=uol0o|_boŊ!
-m7|_;]ub77;77-|-v;|-u;0o|_v|uom]Ѵrovb|b;Ѵu;Ѵ-|;7|o
experimentally derived Tmax with relationships generally unimodal 
with a peak at intermediate to high temperature affinities (Figure 2). 
These relationships were also highly consistent across habitats and 
functional groups. For the Comte-Olden dataset, there was no evi-
7;m1;o=-mbm|;u-1|bom0;|;;mboŊ!|;lr;u-|u;-m7_-0-
itat (dfƷѵķƐƓƔķFƷƐĺƑƒķpƷĺƑƖƒѶķb]u;Ƒ-őķ-m7_bѴ;u;=b||bm]
without the interaction reveals habitat to be significant (dfƷƒķƐƔƐķ
FƷƒĺƏƔƕķpƷ ĺƏƒƏƑőķlo7;ѴlѴ|brѴ;!2 increases only marginally 
Ő=uolƏĺѶƒ;1Ѵ7bm]_-0b|-||oƏĺѶƓbm1Ѵ7bm]b|őĺ$_;u;bvvol;;-h
evidence for higher Tmax at a given thermal affinity in demersal (inter-
1;r|ĹƐƔĺƖŦķƖƔѷĹƐƓĺƑŋƐƕĺƔő-m70;m|_or;Ѵ-]b1vr;1b;vŐƐѵĺƑŦķ
ƐƓĺƑŋƐѶĺƑő|_-mbmr;Ѵ-]b1vr;1b;vŐƐƒĺƓŦķƐƐĺƐŋƐƔĺƕőķb|_u;;=Ŋ-v-
vo1b-|;7 vr;1b;v bm|;ul;7b-|; ŐƐƓĺƓŦķ ƐƑĺƓŋƐѵĺƔőĸ _o;;uķ |_;v;
7b==;u;m1;v-u;vl-ѴѴĺ&vbm] |;lr;u-|u;-|7;r|_|o1-Ѵ1Ѵ-|;
thermal affinity (Figure 2b), again there is no evidence of an inter-
action between habitat and thermal affinity (dfƷѵķƐƓƑķF = 1.17, 
pƷĺƒƑѶőĸbm|_bv1-v;ķ|_;u;bvmol-bm;==;1|o=_-0b|-|;b|_;uŐdfƷƒķ
ƐƓѶķ F = 0.25, p Ʒ ĺѶѵƐőķ -m7 bm1Ѵ7bm] _-0b|-| _-v lbmbl-Ѵ ;==;1|
on the overall model R2 (R2;1Ѵ7bm]_-0b|-|ƷƏĺѶѵķbm1Ѵ7bm]_-0-
itat = 0.87). For both thermal affinity measures, Tmax increases over 
the full range of estimated thermal affinities with the polynomial 
suggesting a maximum value of Tmax-|-boŊ!|_;ul-Ѵ-==bm-
b|o=ƒƒĺƓŦ-m7-m|_;ul-Ѵ-==bmb|o=ƒѵĺƖŦĺ
Initial examination of the relationship between Tmax and thermal 
affinity for the species in the GlobTherm dataset revealed two ex-
treme outliers, the oribatid mite Halozetes belgicae Őb1_-;ѴķƐƖƏƒő
Ő)o!"r_b-	ƔƏѶƒƑƒőķ_b1__-vTmax recorded in GlobTherm 
-v ƓƏĺƐŦ 0| =ou _b1_ ; ;v|bl-|; l;-m |_;ul-Ѵ -==bmb|b;v -v
ƴƐĺƏѶŦ ŐboŊ!ő|oƴƐĺƕƐŦ Őőķ-Ѵ0;b|om|_;0-vbvo= fv|
2 OBIS records; and the red alga Devaleraea ramentacea Őbmm-;vő
buķƐƖѶƑŐ)o!"r_b-	ƐƓƔƕƕƏőķ_b1__-vTmax recorded in 
Ѵo0$_;ul-vƔƏŦ0|=ou_b1_;;v|bl-|;l;-m|_;ul-Ѵ-==bm-
b|b;v-vѵĺƓŦ ŐboŊ!ő |oƐƐĺƓŦ Őőĺ_;1hbm] |_;oub]bm-Ѵ
references cited in GlobTherm, we find that the critical maximum 
temperature of H. belgicaebv-vu;rou|;7bm	;;u;ķ"bm1Ѵ-buķ-uv_-ѴѴķ
-m7_omŐƑƏƏѵőķ0||_;v;-|_ouvu;rou||_bvvr;1b;v-vo11u-
ring in the supra-littoral zone, so although it is reported as marine 
0)o!"ķ-bu|;lr;u-|u;bvruo0-0Ѵlou;-rruorub-|;|_-mv;-
temperature for this species. This may be the case for other species 
in our dataset, however, so we retain H. belgicae in our analyses, but 
note that it has minimal impact on our statistical results or conclu-
sions. The original cited reference for D. ramentacea in GlobTherm 
Őbv1_o==ş)b;m1h;ķƐƖƖƒőu;1ou7v|_;l-bllvub-Ѵ|;lr;u--
|u;o=|_bvvr;1b;v-vƐƖŦķ-m7vo;1_-m];b|vTmax|oƐƖŦ=ou
our analyses, although we note this decision too has no influence on 
our overall conclusions. We also exclude birds, mammals, and nekton 
from our discussion of GlobTherm species as there are few species 
(9, 5, and 5, respectively).
&vbm]boŊ! |_;ul-Ѵ-==bmb|ķ; =bm7;b7;m1;o=- vb]-
nificant interaction between functional group and the second order 
polynomial term for thermal affinity (dfƷѶķƒѶƓķF = 2.20, p = .0271): 
|_; t-7u-|b1 1o;==b1b;m|v =ou 0;m|_ov ŐƴƏĺƏƑƖķ ƖƔѷ Ĺ ƴƏĺƏƓƑ |o
ƴƏĺƏƐƔő-m7 =bv_ ŐƴƏĺƏƒƔķƴƏĺƏƔƓ |oƴƏĺƏƐƔő-u;0o|_ vb]mb=b1-m|Ѵ
m;]-|b; _;u;-v |_-| =ou l-1uo-Ѵ]-; ŐƴƏĺƏƐƏķ ƴƏĺƏƑѶ |o ƏĺƏƏƖő
does not differ significantly from 0. However, this model (R2ƷĺѵƔő
explains only marginally more variance than models excluding 
the interaction (R2Ʒ ĺѵƒőou;1Ѵ7bm] =m1|bom-Ѵ]uor-Ѵ|o];|_;u
$     Ɛ Պ l0;u-m7r;u1;m|-];o=|_;ƑķƐƕѵķƖƏѵ|o|-Ѵ"u;1ou7v-m7Ɣƒƒvr;1b;v_b1_;u;v11;vv=ѴѴl-|1_;7|o;-1_
|;lr;u-|u;l;-vu;vbm]boŊ!-m7Ŋ]ub77;7|;lr;u-|u;7-|-ķv_omv;r-u-|;Ѵ=ou|_;|o|_;ul-Ѵl-bl-7-|-0-v;v
$;lr;u-|u;-==bmb|l;-vu;
ol|;oѴ7;m7-|-ŐNƷƐƔƕvr;1b;vő Ѵo0|_;ul7-|-ŐNƷƓƑƐvr;1b;vő
l0;uŐѷől-|1_;7u;1ou7v l0;uŐѷől-|1_;7vr;1b;v
l0;uŐѷő
l-|1_;7u;1ou7v
l0;uŐѷő
l-|1_;7vr;1b;v
boŊ!""$ ƓƕѵķƑƐƒŐƖѵĺƐѷő 157 (100%) ƐķƕƔƒķƖƖѶŐƖѵĺƒѷő ƓƑƏŐƖƖĺѶѷő
boŊ!"$ ƓƕѵķƑƐƕŐƖѵĺƐѷő 157 (100%) ƐķƕƒƒķѵƐƖŐƖѵĺƒѷő ƓƑƏŐƖƖĺѶѷő
Ŋ]ub77;7""$ ƒѵƔķѵƑƕŐƕƒĺѶѷő ƐƔƓŐƖѶĺƐѷő ƐķƔƑƒķƔƒƐŐѶƒĺƕѷő ƓƏƒŐƖƔĺƕѷő
Ŋ]ub77;7"$ ƒѵƔķѵƑƕŐƕƒĺѶѷő ƐƔƓŐƖѶĺƐѷő ƐķƔƑƒķƔƒƐŐѶƒĺƕѷő ƓƏƒŐƖƔĺƕѷő
Ŋ]ub77;7$ ƒƒѶķѶѶƒŐѵѶĺƓѷő ƐƔƓŐƖѶĺƐѷő ƐķƒѵƑķƓѵƐŐƕƓĺѶѷő ƓƏƒŐƖƔĺƕѷő
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(R2ƷĺѵƑőķbm7b1-|bm]|_-||_;v|-|bv|b1-ѴѴvb]mb=b1-m|7b==;u;m1;v0;-
tween functional groups in the relationship between thermal affinity 
and Tmax represent only a small amount of variation around the over-
all pattern across functional groups (Figure 2c). Similar results are 
=om7_;mvbm]|_;ul-Ѵ-==bmb|ķ_;u;|_;u;bv-vb]mb=b1-m|
interaction between functional group and the second order poly-
nomial term for thermal affinity (dfƷѶķƒѵƕķFƷƑĺƑѵķpƷ ĺƏƑƒƐőĹ
|_; t-7u-|b1 1o;==b1b;m|v =ou 0;m|_ov ŐƴƏĺƏƑƐķ ƴƏĺƏƒƓ |o ƴƏĺƏƐƖő
-m7=bv_ ŐƴƏĺƏƑƖķƴƏĺƏƓƕ|oƴƏĺƏƐƏő-u;0o|_vb]mb=b1-m|Ѵm;]-|b;
_;u;-v|_-|=oul-1uo-Ѵ]-;ŐƴƏĺƏƏƑķƴƏĺƏƐƖ|oƏĺƏƐƓő7o;vmo|7b=-
=;uvb]mb=b1-m|Ѵ=uolƏĺ]-bmķbm1Ѵ7bm]|_;v;bm|;u-1|bomvŐR2Ʒĺѵѵő
explains only marginally more variance than models excluding the 
interaction (R2 Ʒ ƏĺѵƓő ou ;1Ѵ7bm] =m1|bom-Ѵ ]uor -Ѵ|o];|_;u
(R2ƷƏĺѵƑőŐb]u;Ƒ7őĺ
   & !   Ƒ Պ Experimentally derived critical thermal limits (Tmaxő=ouƐƔƕŐ-ő-m7ƐƔƓŐ0ől-ubm;=bv_vr;1b;v|-h;m=uolŐol|;şѴ7;mķƑƏƐƕőķ-m7=ouƓƑƏŐ1ő-m7ƓƏƒŐ7ől-ubm;vr;1b;v|-h;m=uol|_;Ѵo0$_;ulŐ;mm;||;|-ѴĺķƑƏƐѶ-ķ0őķ-]-bmv|o11r-m1Ŋ7;ub;7
|_;ul-Ѵ-==bmb|1-Ѵ1Ѵ-|;7=uol-1ol0bm-|bomo=boŊ!v;-vu=-1;|;lr;u-|u;Ő""$ő-m7v;-0o||ol|;lr;u-|u;Ő"$ő7;r;m7bm]
om=bv__-0b|-|ou=m1|bom-Ѵ]uorķ-|1ĺƖhlu;voѴ|bomŐ-ķ1őķ-m77-|;Őlom|_Ŋ;-uőŊl-|1_;7]ub77;7|;lr;u-|u;-|v-lrѴ;7;r|_-|
ƐŦu;voѴ|bomŐ0ķ7őĺobm|v-u;l;-mvķ-m7;uuou0-uv-u;lbm-m7l-u;rou|;7-Ѵ;v=ouTmax (where available) and standard deviations for 
temperature affinities. In each case, separate 2nd order polynomials are shown for each of the habitat associations (a, b) or functional groups 
(c, d) (colored lines), together with a single 2nd order polynomial fitted across all species (solid black line). The 1:1 relationship is shown as a 
dashed line
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The unimodal relationships illustrated in Figure 2 imply that spe-
cies with intermediate thermal affinities tend to live further from 
their Tmaxĺ$_bv bvv_omlou;1Ѵ;-uѴbmb]u;ƒķ_;u;ķ1ol0bmbm]
data from both Comte-Olden and GlobTherm databases, the differ-
ence between experimentally derived Tmax and occupancy-derived 
thermal affinity clearly declines with increasing Taffinity in benthos, 
=bv_ķ-m7l-1uo-Ѵ]-;ķ =uol-uom7ƐƓŋƐƕŦ bmvr;1b;vb|_-l;-m
Taffinityo=0;|;;mƐƏ-m7ƑƏŦķ|o-uom7ƖŋƐƑŦbmvr;1b;vb|_-
mean TaffinityƻƑƏŦ Ő$-0Ѵ;Ƒőĺ m0;m|_ov bmr-u|b1Ѵ-uķ |_;u; bv-Ѵvo
a clear decline at low Taffinity Ő7b==;u;m1; o= -uom7 ƐƑŦ bm vr;1b;v
with a mean Taffinityo=ƺƐƏŦĸ$-0Ѵ;Ƒőbm7b1-|bm]|_-|vr;1b;vѴbbm]bm
extremely cold and extremely warm water tend to be closer to their 
thermal maxima. Further statistical details are not given for the curves 
v_ombmb]u;ƒ-v=ou0;m|_ov-m7l-1uo-Ѵ]-;ķ|_;-u;vblrѴ|_;
v-l;1u;v-vbmb]u;Ƒ7o==v;|0$-|7;r|_ķ-m7=ou=bv_ķ|_;
-u;;uvblbѴ-u|o|_;1u;vbmb]u;Ƒ0o==v;|0$-|7;r|_ĺ
   & !   ƒ Պ Difference between occupancy-derived temperature affinity and Tmax across benthos, fish, and macroalgae, as a function of $-|7;r|_|;lr;u-|u;-==bmb|ĺ$_;v;=b]u;v1ol0bm;Tmax data from both the Comte-Olden and GlobTherm databases. Fish are further 7bb7;7bm|o7;l;uv-ѴŐh_-hbőķ0;m|_or;Ѵ-]b1Ő]u;;mőķr;Ѵ-]b1ŐѴb]_|0Ѵ;őķ-m7u;;=Ŋ-vvo1b-|;7Ő7-uh0Ѵ;ővr;1b;vĺbm;v-u;=b|v=uolv;1om7
order polynomial models
m1|bom-Ѵ]uor
	b==;u;m1;0;|;;mTl--m7l;-m|;lr;u-|u;-==bmb|
;-mT-==bmb|ƽƐƏŦ
ƐƏŦƺ;-m
T-==bmb|ƽƑƏŦ
;-m
T-==bmb|ƻƑƏŦ
Benthos ƐƑĺƕƼƕĺƑƐŦ ƐѵĺѵƼƒĺƖƖŦ ƐƑĺƓƼƑĺƑѵŦ
Reef fish  ƐѵĺƔƼƒĺѵƐŦ ƐƑĺƏƼƒĺƏƔŦ
Demersal fish ƐƔĺƖƼƑĺƓƏŦ ƐѵĺƐƼƔĺѵѵŦ ƐƔĺƑƼƑĺƕƖŦ
Benthopelagic fish ƐѵĺѵƼƓĺѵƏŦ ƐƕĺƑƼƓĺƕƏŦ ƖĺƓѵƼƑĺѵѶŦ
Pelagic fish ƐѶĺƔƼƔĺƖƏŦ ƐƓĺѶƼƑĺƒѶŦ ƐƐĺƐƼƑĺƒƓŦ
-1uo-Ѵ]-; ƐƔĺƑƼƒĺƒƖŦ ƐƓĺƏƼƓĺƒѵŦ ƐƐĺƔƼƔĺƏƏŦ
$     Ƒ Պ Difference (mean ± SD) 
between Tmax and mean occupancy-7;ub;7|;lr;u-|u;-==bmb|Ő$-|
depth) across functional groups, for 
vr;1b;vb|_-1oѴ7ŐƽƐƏŦőķlo7;u-|;
ŐƻƐƏŦ-m7ƽƑƏŦőķ-m7-ulŐƻƑƏŦő
temperature affinity
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ƓՊ |Պ	"&""
u -m-Ѵv;v v_o |_-| -1uovv Ɣƒƒ l-ubm; vr;1b;vķ l;-vu;v
of thermal affinity derived from matching global occurrence re-
cords obtained from the Ocean Biogeographic Information System 
Ő"ķƑƏƐѶő|o]Ѵo0-Ѵv;-|;lr;u-|u;7-|-v;|vŐvvbv;|-ѴĺķƑƏƐѶĸ
_;m];|-ѴĺķƑƏƐƕĸ_;m]ş,_ķƑƏƐѵĸ$0;u]_;bm;|-ѴĺķƑƏƐƑő-u;
highly significantly associated with independent, experimentally de-
rived thermal maxima (Tmax) (Figure 2). The species in our dataset 
u;ru;v;m|ƑƓ|-omolb11Ѵ-vv;vo11rbm]-b7;u-m];o=0;m|_b1ķ
pelagic, and coastal habitats throughout the global oceans (Figure 1), 
with Tmax vr-mmbm] ƑŋƓƓĺƔŦķ v]];v|bm] - |uѴ ];m;u-Ѵ u;Ѵ-|bom-
ship. This is an important and encouraging result: The expense of 
experimental studies of thermal tolerance (e.g., Pacifici et al., 2015) 
means that the total number of marine species experimentally as-
v;vv;7bvmѴbh;Ѵ|ov0v|-m|b-ѴѴ;1;;7|_;Ɣƒƒ-Ѵu;-71olrbѴ;7
by (Comte & Olden, 2017) and in the GlobTherm database (Bennett 
et al., 2018a,b), whereas many more species have occurrences re-
corded in OBIS (currently >120,000 species; OBIS, 2018). This fur-
ther validates previous studies which have used occurrence-based 
temperature affinities of marine species to generate indices such as 
the Community Thermal Index to monitor climate-driven changes to 
l-ubm;1ollmb|b;v Ő-|;v;| -Ѵĺķ ƑƏƐƓĸ "|-u|Ŋ"lb|_;| -Ѵĺķ ƑƏƐƔőķ
and our simple workflow provides opportunities to address issues of 
limited taxonomic representation in studies of climate vulnerability 
(e.g., Pacifici et al., 2015) by deriving estimates of thermal affinity 
over whole assemblages even in the absence of systematic surveys 
Őv;;);00-m7bm;vŐƑƏƐѶő=ou-m;-lrѴ;-rrѴb1-|bom|oƻƑѵķƏƏƏ
European marine species, using a parallelized version of the work-
flow documented here).
The strength of the relationship between thermal affinity and 
Tmax is perhaps surprising given that our method of matching oc-
currence records to global gridded temperature products intro-
duces a number of potentially major sources of error. First, global 
temperature products derived from downscaling or interpolating 
from instrumental measurements may not accurately reflect the 
ambient temperatures actually experienced by organisms. On 
Ѵ-m7ķ |_;v; ;uuouv 1-m 0; om |_; ou7;u o= v;;u-Ѵ Ŧ Ő!o0;u|vķ
)oo7ķş-uv_-ѴѴķƑƏƐƖőķ-m7-Ѵ|_o]_7bv1u;r-m1b;v-u;Ѵbh;Ѵ|o
be reduced in the sea due to greater spatial and temporal auto-
correlation in temperature (e.g., Steele, 1985; Sunday et al., 2011; 
Webb, 2012), and consequently less pronounced microclimates 
or potential for behavioral temperature regulation (Sunday 
;|-ѴĺķƑƏƐƐķƑƏƐƓőķb|bvv|bѴѴѴbh;Ѵ|_-||_;]ub7Ŋv1-Ѵ;|;lr;u-|u;
value assigned to each occurrence record is an imprecise estimate 
of the temperature experienced by that organismin particular 
for organisms occupying certain habitats, such as the intertidal 
zone, that our workflow does not currently discriminate. Such ef-
fects will differ between the two temperature datasets we used, 
which had contrasting strengths and weaknesses. They differ in 
their spatial resolution, and in whether they include depth and 
|bl;ķ b|_ |_; boŊ! 7-|- Ővvbv ;| -Ѵĺķ ƑƏƐѶĸ $0;u]_;bm
et al., 2012) constituting a time-averaged climatology with values 
available only for sea surface and sea bottom temperature, al-
though at a higher spatial resolution (5 arcmin) than the gridded 
7-|-Ő_;m];|-ѴĺķƑƏƐƕĸ_;m]ş,_ķƑƏƐѵőķ_b1_bm1Ѵ7;v
temperature at depth as well as seasonal (monthly) and annual 
variation on a 1 degree grid.
Despite these contrasts in the structure of the temperature data, 
there were no major differences in the thermal affinities produced: 
;-m|;lr;u-|u;-==bmb|b;v7;ub;7=uolľ0;v|ĿboŊ!|;l-
r;u-|u;Ő""$ou"$7;r;m7bm]omvr;1b;v_-0b|vő-m7|;lr;u--
ture-at-sample-depth are both strongly correlated with species Tmax, 
b|_|_;|;lr;u-|u;-==bmb|ruob7bm]Ѵb||Ѵ;lou;;rѴ-m-|ou
power (C-O: R2 Ʒ ĺѶѵŋĺѶƕĸ Ѵo0$_;ulĹ ƏĺѵƑŋƏĺѵѵő |_-m |_; ľ0;v|Ŀ
boŊ! |;lr;u-|u; -==bmb| l;-vu; ŐŊĹ R2 Ʒ ĺѶƒŋĺѶƔĸ
Ѵo0$_;ulĹƏĺѵƑŋƏĺѵƔőĺuu;vѴ|v7omo||_;u;=ou;-rr;-u|o0;
particularly sensitive to small errors in environmental temperature 
estimates. This suggests that obtaining and matching occurrences 
to time- and depth-resolved temperature data may not be worth the 
additional computational time incurred. However, it is worth noting 
that sample depth information was missing for almost half of all the 
o11uu;m1;u;1ou7vŐƻƐőķ=ou-ѴѴo=_b1_;-vvl;77;r|_ƷƏlĺ
$_;u;=ou;ķ |_; Ѵ-1ho=;|u- bm=oul-|bomruob7;70 |_; |;l-
perature-at-sample depth could be a result of losing the extra dimen-
sion of variability in ocean temperature provided by depth. Equally, 
although occurrences in our dataset do span a wide range of depths, 
most were from shelf seas (Figure 1), and it is possible that tempera-
ture at depth would prove more useful in open ocean and deep-sea 
ecosystems.
Globally, trading off spatial and temporal resolution, as seen in 
boŊ! ;uvv  ]ub77;7ķ v;;lv bm;b|-0Ѵ;ĺ o;;uķ =ou
some regions, datasets with both depth and high spatial resolution 
are available. For example, 19812015 hindcasts from the coupled 
Ŋ!" r_vb1-Ѵ o1;-mo]u-r_b1 -m7 0bo];o1_;lb1-Ѵ lo7-
;Ѵv Ő|;mv1_om ;| -Ѵĺķ ƑƏƐѵő ruob7; 7;r|_Ŋu;voѴ;7 |;lr;u-|u;
at high spatial (<10 km) and temporal (<monthly) resolutions for the 
ou|_);v|;umuor;-m"_;Ѵ=-m7r-u|o=|_;ou|_-v||Ѵ-m|b1ķ
enabling more precise matching of species occurrences to environ-
mental temperature. However, species occurrences from outside 
the modeled region cannot be included in estimates of species tem-
perature affinity, potentially limiting the generality of such meth-
o7vĺ7;|-bѴ;7-m-Ѵvbvo=|_;1ov|v-m70;m;=b|vo=vbm]7b==;u;m|
temperature datasets would be a valuable exercise; however, our 
results suggest that a computationally efficient way to obtain a ro-
bust estimate of temperature affinity for large numbers of species is 
|ov;-vblrѴ;1Ѵbl-|oѴo]v1_-vboŊ!Ővvbv;|-ѴĺķƑƏƐѶĸ
Tyberghein et al., 2012).
The strength of the relationship between temperature affinity 
and Tmax is also surprising given the known biases in taxonomic, 
vr-|b-Ѵ -m7 |;lrou-Ѵ 1o;u-]; o= " Ő;ĺ]ĺķ 7]-u ;| -Ѵĺķ ƑƏƐѵĸ
bѴovѴ-b1_;|-ѴĺķƑƏƐѵĸ);00;|-ѴĺķƑƏƐƏőķv1_|_-| |_;o11u-
rence records we use to calculate a species' temperature affinity 
will typically only constitute a small and nonrandom sample of the 
Ѵo1-|bomv-|_b1_|_;vr;1b;v-1|-ѴѴo11uvĺѴ|_o]_ou7-|--
set comprised almost 2.2 million occurrence records in total, most 
ƐƏՊ|Պ ՊՍ WEBB ET AL.
species are represented by relatively few occurrence records (me-
7b-mml0;uo="u;1ou7vƷƒѵƏ=ouol|;ŊѴ7;mvr;1b;vķƐƕƕ
for GlobTherm species), making the ability to relate temperature 
affinity based on such a small number of occurrences to Tmax even 
more encouraging. It is worth noting, however, that the species for 
which we have Tmax estimates are very likely better-studied, and 
more coastal or shallow-dwelling (Figure 1), than most marine spe-
cies. The similarity of relationships across diverse functional and 
taxonomic groups, though, gives us some confidence in applying 
our method to a much wider range of species, and the benefits of 
using a global, open access database such as OBIS should not be 
overlooked.
Finally, the database of experimentally derived thermal limits 
that we use includes data derived using a range of metrics and meth-
odologies, from species with different historical exposures to dif-
ferent temperature regimes and from experiments conducted often 
decades ago (i.e., when species were living in a different global ther-
mal environment), all of which can affect how thermal limits are per-
ceived to covary with environmental factors (Sunday et al., 2019). 
These methodological differences no doubt account for some of 
the residual variation observed in our analyses, but different mea-
sures of Tmax are likely to be highly correlated within species and 
our results suggest that environmentally derived thermal affinity 
correlates well with all of them.
mo|_;ublrou|-m|r-||;um|o;l;u];=uolou-m-Ѵv;vbv|_-|
across functional groups, species living in warmer waters (higher 
Taffinity) are closer to their experimentally derived thermal maxi-
ll|_-m|_ov;b|_bm|;ul;7b-|;|_;ul-Ѵ-==bmb|b;vŐb]u;ƒőĺou
fish and benthos, this is also true of species living in colder waters 
Őb]u; ƒőĺ u;bov ouh _-v v_om |_-| |_; |_;ul-Ѵ |oѴ;u-m1;
breadth of marine species typically highest at midlatitudes (Sunday 
et al., 2011), and it appears to be a general pattern that tropical 
species live nearer to their upper thermal limits (i.e., have a smaller 
thermal safety margin; Pinsky et al., 2019; Waldock et al., 2019), 
perhaps because they are adapted to a less variable thermal regime 
than species in temperate systems (Sunday et al., 2019). The extent 
of the nonlinearity evident in our data is rather small, but does add 
to the evidence that warming is likely to have particularly severe ef-
=;1|v=ou|_;ul-Ѵvr;1b-Ѵbv|vbm|_;|uorb1vŐumo;|-ѴĺķƑƏƐѶĸo]_ķ
m7;uvomķş]_;vķƑƏƐѶĸbmvh;|-ѴĺķƑƏƐƖĸ!ll;uşm7-ķ
2017; Tewksbury, Huey, & Deutsch, 2008).
In conclusion, our simple method of matching openly available 
marine species occurrence records to openly available global sea 
temperature products results in estimates of occupancy-derived 
species-level thermal affinity that correlate strongly with exper-
imentally derived critical thermal maxima and that reproduce pat-
terns (e.g., smaller thermal safety margins in warmer water species) 
previously documented in more targeted studies. The workflow we 
propose is replicable and easily extended to further discriminate 
between species groups, or to encompass alternative temperature 
products or additional environmental variables to derive estimates 
of species' affinities to salinity, dissolved oxygen, benthic habitats, 
etc. Our work highlights the value of openly available global datasets 
of species occurrences and environmental variables and builds on 
code developed within the open source community. Our method 
involves approximations using imperfect data at every stage, how-
ever, given the pace and magnitude of current climate change, mak-
ing best use of available data and incorporating as many species as 
possible into predictions of ecological responses to warming seas is 
imperative.
)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